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ABSTRACT
High quality, intact RNA is required for DNA microarray studies, cloning, and
reverse transcriptase polymerase chain reaction (rt-PCR) analysis. There are several
analytical methods used to assess the RNA quality. The RNA Integrity Number (RIN)
from the Agilent Bioanalyzer is one quality control assay used to evaluate RNA. For
recombinant E. coli cultured under stressful conditions the RNA profiles obtained using
the Agilent Bioanalyzer indicate RNA degradation; however, RNA obtained and purified
in parallel from unstressed recombinant cultures indicate acceptable RNA values without
significant degradation. We proposed that for stressed E. coli the RIN value is not
necessarily indicative of RNA purification-related degradation but could be used as a tool
to characterize and detect stressful culture conditions that target ribosomal RNA. Also,
these results suggest the need for caution when assessing RNA quality based on
ribosomal RNA abundance in stressed cells.
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CHAPTER ONE
INTRODUCTION
DNA microarrays are a powerful tool for analyzing global gene expression in
cells. Typically, the total RNA is purified from the cells to remove DNA, proteins, and
other cellular components. For prokaryotic organisms, most isolation methods target
purification of the total RNA, which includes the messenger RNA (mRNA) species, from
the cells since most prokaryotic mRNA lacks a stable poly(A) tail.[11] The quality and
relative concentration of the purified total RNA can be evaluated by a variety of methods.
The most common RNA analysis methods are absorbance and electrophoresis separation.
Absorbance methods use characteristic wavelengths to indicate purity and concentration,
but cannot distinguish the RNA species.[30] Electrophoresis methods use the electrical
charge of the RNA to separate the RNA molecules by apparent size, and fluorescent dye
staining to visualize the RNA species.[21, 30] The Agilent Bioanalyzer uses an
electrophoresis-based method to generate an electropherogram and a simulated gel
image. The electropherogram provides an RNA intactness assessment, the RNA
Integrity Number (RIN), to evaluate the RNA intactness.[19, 31] The RIN value is
calculated from the proportion of expected RNA fragment sizes and is independent of
sample concentration.[19, 31] Low RIN values are usually attributed to RNA
degradation during the purification steps, where these detailed studies have mostly
focused on eukaryotic RNA.[3, 10, 16, 19, 31]
It has also been observed that ribosomal RNA levels decrease due to recombinant
protein expression in Escherichia coli.[5, 14, 23, 28, 35, 36] In Wood and Peretti (1991),

the overexpression of β-galactosidase decreased ribosomal RNA levels up to 4-fold.[36]
In Haddadin and Harcum (2005), it was observed that the mRNA species encoding for
the ribosomal RNA species decreased 5.7-fold due to chloramphenicol acetyl-transferase
(CAT) expression.[14] Additionally, Richins, et al. (2001) observed decreased cellular
ribosomal RNA content during protein overexpression.[28] These results from multiple
researchers indicate that ribosome degradation occurs due to the stress of recombinant
protein expression, which could confound RNA assessment methods that rely on
ribosomal RNA abundance.
The objective of this study was to examine the quality of total RNA obtained from
recombinant E. coli cultured under stressful conditions. In this study, total RNA was
purified from E. coli using standard RNA purification techniques. Recombinant cells
expressing either an insoluble-prone protein or a soluble protein were examined. Total
RNA was evaluated by standard absorbance techniques and by the Agilent Bioanalyzer
(2100) assay using the Prokaryotic Total RNA Nano software. It was observed the total
RNA profiles for cells expressing the insoluble protein were significantly different from
the cells expressing the soluble protein. Additionally, the RNA profiles for cell lines
expressing the insoluble protein changed quickly after recombinant protein expression
was induced. These results indicate that the Agilent Bioanalyzer can be used to detect
stressful culture conditions that target ribosomal RNA degradation.
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CHAPTER TWO
METHODS
E. coli MG1655 were transformed with either pTV1PGFP or pGFPbrightCAT
plasmids. Both plasmids are isopropyl β-D thiogalactopyranoside (IPTG; Anatrace)
inducible via a trc promoter and carry ampicillin resistance. The pTV1PGFP plasmid
(donated by A. Villaverde[13]) encodes for a fusion protein which contains the VP1
capsid protein from the Foot and Mouth Disease Virus[25] fused to a GFP protein.[13]
The GFPbrightCAT plasmid was constructed by replacing the GFPuv with the GFP from
pTV1PGFP into the pTrcHis-GFPUV/CAT plasmid (donated by W.E. Bentley[9]). The
GFP substitution primers used were Forward: 5’ GATC CAT ATG AGC AAA GGA
GAA GAA CTT TTC 3’ and Reverse: 5’ GATC CAT ATG T TGT AGA GCT CAT
CCA TGC CAT GTG TAA TCC 3’. CAT overexpression was confirmed by growth on
high-levels of chloramphenicol (0.12 – 0.61 mM) containing plates and the CAT activity
assay.[29, 33] GFP expression was confirmed by obtaining fluorescence emission
spectra for soluble fractions (PTI fluorimeter, excitation 476 nm, emission 500-600 nm,
2nm slits). Insoluble protein expression of pTV1PGFP was confirmed by fluorescence
microscopy (Nikon Ti, 60X TIRF oil).[12]
Cells were cultured in a minimal media described previously.[20, 32] Frozen E.
coli (1 mL) were added to minimal media in the presence of ampicillin (40 µg/mL,
Hyclone),[30] and cultivated overnight at 37°C, 250 rpm (New Brunswick Scientific,
C24 incubator shaker) to an optical density of 2.5 OD. E. coli pCATbrightGFP and
pTV1PGFP (10% inoculums) were added to 500 mL shake flasks (120 mL working
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volume) at 37°C in a water bath shaker at 200 rpm (New Brunswick Scientific, C76
incubator shaker). Cell growth was monitored by optical density (OD600) using a
spectrophotometer (Spectronic 20 Genesys). Samples were diluted with deionized water
to obtain absorbances the linear range (0–0.25 OD units), and deionized water was used
as the blank for all readings.
The synchronized cultures were induced (1 mM IPTG) in the mid-exponential
phase (OD600 = 0.5). Parallel non-induced cultures were run as controls. Samples were
collected prior to induction (Time 0) and 5, 20, 40, and 60 minutes post-induction for the
induced cultures and at a synchronized Time 0 and 60 minutes for the non-induced
cultures. Samples were immediately added to RNAProtect Bacteria Reagent (Qiagen)
and processed as per manual instructions. To assure sufficient material for the total RNA
isolation was collected, 2 and 4 mL broth samples were collected for the 0 to 40 time
points, and 1 and 2 mL broth samples were collected for the 60 minute time points.
Pellets were stored in -80˚C until used for RNA isolation. All culture conditions were
conducted in biological triplicates.
Total RNA was isolated using the RNAeasy Bacteria Kits (Qiagen, Mini kits
and/or Midi kits were used depending on the cell numbers to be processed). RNA was
quantified by a Nanodrop spectrophotometer (ND 1000, Thermo Scientific). To obtain
greater than 10 µg total RNA for further DNA microarray analysis, both collected sample
volumes were processed separately. No significant differences in RIN values were
observed between the smaller and larger sample volumes. The Agilent Bioanalyzer was
used to assess the total RNA quality as per manual instruction (Agilent).
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CHAPTER THREE
RESULTS AND DISCUSSION
The objective of the overall study was to investigate the transcriptional
differences between E. coli cells expressing an insoluble protein versus a soluble protein.
Cytoplasmic inclusion bodies in E. coli are described as refractive, insoluble protein
aggregates that are sometimes partially active polypeptides.[7, 18, 24, 26, 27, 34] Recent
studies have shown that stress responses, including a heat-shock-like response, is upregulated during expression of inclusion body proteins.[2, 22] For example, Lesley et al.
(2002) noted that inclusion body formation at normal culture temperatures resulted in
increased heat-shock gene expression levels one hour post-induction, while soluble
proteins did not.[22]
To better study the transcriptional response, total RNA was isolated from cells
over time for cells expressing either a soluble or an insoluble protein and for non-induced
cells. Total RNA was isolated from the synchronized cultures expressing either the
soluble protein GFPbrightCAT or inclusion-body prone protein TV1PGFP. The growth
profiles for these cultures are shown in Figure 1, and includes both the induced and noninduced cultures. Each culture condition was conducted in triplicate. The culture times
have been aligned to the induction time of the induced cultures, which corresponds to a
cell density of approximately 0.5 OD. Samples for the total RNA purification were taken
just prior to induction (non-induced) and 5, 20, 40, and 60 minutes post-induction. All
samples were taken in exponential growth phase, and the addition of the inducer (IPTG)
did not significantly alter the growth rate of the induced cultures compared to the non-
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induced cultures, as shown by the solid line passing through the growth data in Figure 1.
Recombinant protein expression in cultures was verified separately (results not shown).
Interestingly, the growth rates for the cultures expressing either the soluble or insoluble
protein are also not different.
Once the total RNA was purified, it was quantified using a Nanodrop
spectrophotometer. The 260/280 nm and the 260/230 nm ratios indicate that cellular
contaminates had been sufficiently removed (> 2.0) and that the purity was sufficient (2.0
to 2.2), respectively, from all samples.[1, 4] Total RNA was then examined using the
Agilent Bioanalyzer for all samples, including all biological triplicates. Despite the
acceptable Nanodrop 260/280 and 260/230 ratios, we were surprised to see RIN values
indicated the degradation of RNA for most samples.[19, 31] Detailed examination of the
samples indicated that all the non-induced culture samples had acceptable RIN values and
electropherograms, whereas the cultures induced to express the insoluble protein
TV1PGFP had the lowest RIN values. Representative electropherograms for the noninduced and IPTG-induced cultures are shown in Figure 2. An E. coli pTV1PGFP noninduced sample (panel A) and a 60-minute post-induction sample (panel B) are shown in
Figure 2, and highlight the dramatic decrease in the 23S and 16S rRNA peaks for
induced samples relative to non-induced samples. Interestingly, for the pGFPbrightCAT
expressing cultures, the rRNA peaks were not significantly affected by induction in
contrast to what was observed for E. coli pTV1PGFP. To summarize the RIN value
change due to induction of the insoluble protein, the average and standard deviations are
also shown in Figure 2 (panel C). The data for the expression of the soluble protein
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(GFPbrightCAT) suggest the RIN value initially decreased; however not significantly. In
contrast, the expression of the insoluble protein (TV1PGFP) significantly decreased the
RIN values. Additionally, since the cell samples were immediately stabilized in
RNAProtect upon removal from shake flasks, and the rRNA peak differences are
observed only between non-induced and induced cultures, these results indicated that the
observed ribosomal RNA degradation occurred inside the cell and not during RNA
purification processes. Moreover, the RNA profile decreased for all of the induced
pTV1PGFP samples, including the 5-minute post-induction, indicates that the
intracellular ribosomal RNA degradation occurred quickly post-induction and
significantly faster than complete cellular turnover.
In a related study, we previously observed changes in the ribosomal RNA profiles
for heat-shocked E. coli MG1655 pPROEx-CAT, where the expressed protein (CAT) was
a soluble protein. In this previous study, the cells were subjugated to either a heat-shock
or a dual heat-shock and induction (5 mM IPTG). The mRNA from the heat-shocked
cultures was used for DNA microarray analysis without issue.[14] Figure 3 shows the
rRNA bands for both the heat-shocked and dual heat-shocked induced cultures using a
conventional gel electrophoresis separation of the total RNA: Note the shift in the 16S
rRNA band and the prominent third band. In comparison, rRNA bands obtained from
IPTG-treated wild-type,[14] IPTG-induced recombinant,[17] and serine hydroxamatetreated recombinant cultures[15] are also shown in Figure 3, where the total RNA was
prepared by the same method for all these samples.[14, 15, 17] The 23S and 16S rRNA
bands for the IPTG-treated wild-type, IPTG-induced recombinant, and serine
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hydroxamate-treated recombinant cultures are clearly visible and at the expected
migration distances. Additionally, it is known that insoluble protein overexpression and
the heat-shock response share many common characteristics.[2, 22] The rRNA gel
profiles obtained for the heat-shocked cultures and the Agilent Bioanalyzer RNA profiles
obtained for the insoluble protein expressing cultures taken together indicate that in vivo
ribosomal RNA can be significantly affected by cell stress. The RIN values and
electropherograms may provide an additional benchmark assay to evaluate the cellular
stress response in recombinant E. coli to complement current fluorescence and gel
electrophoresis methods for assessing intracellular RNA quality.
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Figure 1.1. Growth curves for synchronized recombinant cultures of E. coli MG1655
pGFPbrightCAT (circles) and pTV1PGFP (triangles). IPTG was added to one set of the
recombinant cultures (Q or▲, closed symbols). No IPTG was added to the other set of
cultures (Ο or ∆, open symbols).
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Figure 2.1. Representative electropherograms for total RNA obtained from E. coli
pTV1PGFP for non-induced (A) and induced (B) samples. Peaks for the dye (d), 16S
rRNA and 23S rRNA are labeled. The peak intensities, measured in fluorescence units
(FU), have been scaled relative to each other to aid comparison. (C) Average RIN values
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for induced E. coli MG1655 pGFPbrightCAT (circles) and pTV1PGFP (triangles). Data
presented as mean + sd.
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Figure 3.1. Gel electrophoresis images of ribosomal RNA from E. coli MG1655. Lane A
is rRNA from an IPTG-treated wild-type (WT) culture.[14] Lanes B and C are rRNA
from recombinant heat-shocked cultures.[17] Lanes D through F are rRNA from
recombinant heat-shocked and IPTG-induced cultures.[17] Lane G is rRNA from a
recombinant serine hydroxamate-treated (SR) culture.[15] Lane H is rRNA from an
IPTG-induced recombinant culture.[14] The non-heat-shocked cultures all have clear
23S (1.4 kbp) and 16S (0.75 kbp) rRNA bands, as expected, while the heat-shocked
cultures have clear 23S rRNA bands, a shifted 16S rRNA (0.8 kbp) bands, and prominent
third rRNA bands (0.7 kbp). IPTG-induced cultures are indicated (+).
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